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We used magnetic domain observation to statistically observe the thermal demagneti-
zation behavior of Nd–Fe–B sintered magnets at elevated temperatures up to 150 ◦C.
Simultaneous magnetization reversal in a hundred adjacent grains occurred at 90 ◦C
because of the magnetic interaction among the grains beyond grain boundaries in
the Dysprosium (Dy)-free low-coercivity magnet. Conversely, simultaneous magne-
tization reversal in a hundred grains did not occur in the Dy-added high-coercivity
magnets, and the demagnetizing ratio steadily increased with temperature. Further-
more, the addition of Dy induced high thermal stability by eliminating the simul-
taneous thermal demagnetization, which was caused by the magnetic interaction
among the grains. C 2016 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4944402]
I. INTRODUCTION
Synchronous motors using Nd–Fe–B permanent magnets are widely used for achieving high
energy efficiency for hybrid electrical vehicles. Because thermal stability up to a temperature of
200 ◦C is required for these vehicles, heat-resistant Nd–Fe–B high-coercivity magnets are required.
Therefore, for enhancing coercivity, commercially available Nd–Fe–B sintered magnets contain-
ing a large amount of the rare metal Dysprosium (Dy) are used.1,2 However, the low amount of
natural reserves of Dy is a crucial resource problem. The reduction and optimization of the Dy
content are required for developing a highly efficient motor with a low cost. The purpose of this
study was to use magnetic domain observation to observe the thermal demagnetization behavior
of Nd–Fe–B magnets depending on the amount of Dy contained in the magnets. We used a Kerr
microscope for in situ domain observations of high magnetic fields at high temperatures.3,4 We
previously reported through magnetic domain observation that simultaneous magnetization reversal
occurred in several grains at elevated temperatures.5 In this study, with an image-processing tech-
nique using a Kerr microscope in a wide observation area, we statistically examined the thermal
demagnetization process of Nd–Fe–B sintered magnets uniformly heated by a constant-temperature
oven. Consequently, we were able to clarify the relationship between coercivity and the thermal
demagnetization process.
II. EXPERIMENTAL PROCEDURES
We observed the magnetic domain of Nd–Fe–B sintered magnets using a Kerr microscope.
The intrinsic coercivity of three types of the sample was approximately µ0Hc = 1.25 T, 1.69 T, and
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2.05 T. Dy was added into two samples with µ0Hc = 1.69 and 2.05 T. The magnets were 7.0 mm
thick, 7.0 mm long, and 7.0 mm wide, and the surface at the c-plane of the samples was polished
to clearly reveal the domain configuration during the experiments. A thin film of Tantalum (Ta) was
deposited by RF sputtering on the surface of the Nd–Fe–B sintered magnets to prevent oxidation.
Then, using vacuum evaporation, a thin film of silicon monoxide (SiO) was deposited on the thin
film of Ta, which functioned as an antireflection coating. A pulse field of 5 T along the easy axis
was used to magnetize all three magnets. The magnetic domains at the center area of these mag-
nets were observed during the thermal demagnetization process. First, the magnetic domain was
observed at room temperature (25 ◦C). Following this, the temperature of the sample, measured by
a thermocouple on the sample surface, was increased to 35 ◦C using a constant-temperature oven,
and then, the temperature immediately decreased to room temperature. Next, the temperature was
increased to 40 ◦C and then decreased to room temperature. This procedure was repeated to bring
the temperature up to 150 ◦C in 5 ◦C increments for each observation, as shown in Fig. 1. To observe
the thermal demagnetization in detail, we derived the domain change by subtracting the domain
image at one temperature from that at another temperature using a photo-editing application.6
III. RESULTS AND DISCUSSION
A. Results of magnetic domain observation
Figure 2 shows domain images of the Dy-free Nd–Fe–B sintered magnet with a coercivity
of µ0Hc = 1.25 T. The bright and dark domains are magnetized along the polar directions of the
surface in Figs. 2(a) and 2(b). Black regions in domain images are defects caused by oxidation
of the rare earth element and polishing. Some demagnetized grains having a multi-domain state
were observed in Fig. 2(a) after the magnet was heated to 35 ◦C. Many demagnetized grains could
be observed before heating. The first reversed domains nucleated after the magnet was heated to
35 ◦C, and the domain structure changed from a single-domain state to a multi-domain state in
one grain, as indicated by the solid-line ellipse in Fig. 2(a). After heating at 90 ◦C, simultaneous
magnetization reversal occurred in several adjacent grains beyond the grain boundaries, as indicated
by the solid-line ellipse in Fig. 2(b). Figure 2(c) shows the processed domain image indicating the
magnetization-reversal area for each temperature at 25 ◦C increments. We found that simultaneous
magnetization reversal in several grains occurred above 75 ◦C.
Figure 3 shows domain images of the Dy-added Nd–Fe–B sintered magnet with a coercivity
of µ0Hc = 1.69 T. Some demagnetized grains could be observed before heating, and the reversed
domains nucleated after 55 ◦C heating. The domain structure changed from a single-domain state to
a multi-domain state in the grains, as indicated by the solid-line ellipse in Fig. 3(a). We observed
the first magnetization reversal for the magnet with a coercivity of µ0Hc = 1.69 T at 55 ◦C, which
is higher than that for the magnet with a coercivity of µ0Hc = 1.25 T. After heating the magnet to
FIG. 1. Flow of the experiment.
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FIG. 2. Domain images of the Nd–Fe–B sintered magnet with a coercivity of µ0Hc= 1.25 T at (a) 35 ◦C and (b) 90 ◦C, and
(c) processed images indicating the magnetization-reversal area at each temperature.
120 ◦C, simultaneous magnetization reversal occurred in several adjacent grains beyond the grain
boundaries, as indicated by the solid-line ellipse in Fig. 3(b). Figure 3(c) shows the processed
domain image indicating the magnetization-reversal area for each temperature at 25 ◦C increments.
The simultaneous magnetization reversal in several grains occurred above 75 ◦C, the temperature at
which the reversal occurred in the case of the magnet with a coercivity of µ0Hc = 1.25 T.
Figure 4 shows domain images of the Dy-added Nd–Fe–B sintered magnet with a coercivity of
µ0Hc = 2.05 T. Some demagnetized grains could be observed before heating, and the first magneti-
zation reversal occurred after 35 ◦C heating, as indicated by the solid-line ellipse in Fig. 4(a), This
reversal occurred at a lower temperature than that at which the reversal occurred for the magnet with
a coercivity of µ0Hc = 1.69 T. At 120 ◦C, simultaneous magnetization reversal occurred in several
adjacent grains beyond the grain boundaries, as indicated by the solid-line ellipse in Fig. 4(b).
Simultaneous magnetization reversal in a few grains was observed by increasing the temperature
up to 150 ◦C, as shown in Fig. 4(c). However, the number of grains affected by the simultaneous
magnetization reversal for the magnet with µ0Hc = 2.05 T was lower than that of grains affected by
the reversal for the other magnets with µ0Hc = 1.25 and 1.69 T.
Thus, the temperature at which we observed the first nucleation of the reversal domains
was not dependent on the coercivity of the magnets in the observation area of approximately
80 µm × 60 µm. The data indicate that the domain observation in the area was too local for
statistical observation of the thermal demagnetization.
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FIG. 3. Domain images of the Nd–Fe–B sintered magnet with a coercivity of µ0Hc= 1.69 T at (a) 55 ◦C and (b) 120 ◦C, and
(c) processed images indicating the magnetization-reversal area at each temperature.
B. Results of wide-field magnetic domain observation
To statistically analyze the thermal demagnetization, we increased the observation area to nine
screens measuring approximately 240 µm × 180 µm. Figure 5 shows the image-processed domain
image indicating the magnetization-reversal area of the magnet with a coercivity of µ0Hc = 1.25 T
at each 25 ◦C temperature increment.
The simultaneous magnetization reversal in approximately a hundred neighboring grains
occurred from 75 ◦C to 100 ◦C, as shown in the lower-right corner in Fig. 5. We found that the ther-
mal demagnetization easily occurred beyond the grain boundaries, and the reversal involved approx-
imately a hundred grains in the low-coercivity Dy-free magnet with a coercivity of µ0Hc = 1.25 T.
Although the simultaneous magnetization reversal occurred at approximately 100 ◦C in the other
two magnets with high coercivity, as shown in Figs. 6 and 7, the number of the neighboring grains
that we observed with simultaneous reversal was small, ranging between several and 10 grains.
It is important to note that the extent of the simultaneous reversal decreased in the Dy-added
high-coercivity magnets with µ0Hc = 1.69 and 2.05 T.
C. Calculation of demagnetizing ratio
Based on the observation results, we calculated the demagnetizing ratio in each sample using
the following equation:
Demagnetizing ratio(%) = (Magnetization reversal area) × 2(Total area) − (Defect area) × 100 (1)
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FIG. 4. Domain images of the Nd–Fe–B sintered magnet with a coercivity of µ0Hc= 2.05 T at (a) 35 ◦C and (b) 120 ◦C, and
(c) processed images indicating the magnetization-reversal area at each temperature.
In this equation, the ratio of the magnetization-reversal area to the total area, excluding the defect
area, is multiplied by 2 to define the full demagnetization state as the demagnetizing ratio of 100%.
The demagnetizing ratios after heating each magnet to 150 ◦C were 74.4% (µ0Hc = 1.25 T), 68.7%
(µ0Hc = 1.69 T), and 67.8% (µ0Hc = 2.05 T). The demagnetizing ratios decreased with an increase
in the coercivity of the magnets.
FIG. 5. Processed image of domains indicating the area of thermal demagnetization of the magnet with a coercivity of
µ0Hc= 1.25 T.
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FIG. 6. Processed image of domains indicating the area of thermal demagnetization of the magnet with a coercivity of
µ0Hc= 1.69 T.
Figure 8 shows the dependence of the demagnetizing ratio on temperature. The demagnetizing
ratio of the magnets with a coercivity of µ0Hc = 1.69 and 2.05 T, respectively, increased with
temperature, whereas that of the magnet with a coercivity of µ0Hc = 1.25 T showed repetitions
of sudden increases and stable situations. The demagnetization ratio precipitously increased at
approximately 90 ◦C, following which it remained stable between 95 ◦C and 110 ◦C. Then, a sudden
increase occurred at 110 ◦C, then it leveled off again between 110 ◦C and 125 ◦C.
Figure 9 shows the demagnetizing ratio at each temperature at 5 ◦C increments. As shown in
the figure, high thermal demagnetization occurred at 90, 95, 115, and 130 ◦C in the magnet with a
coercivity of µ0Hc = 1.25 T. The high thermal demagnetization was caused by the propagation of
magnetization reversal to the hundred adjacent grains, as shown in Fig. 5. The data indicate that
the magnetic interaction beyond grain boundaries among the grains in the Dy-free low-coercivity
magnet induced the high thermal demagnetization and affected thermal stability. On the other
hand, the demagnetizing ratio of the magnet with a coercivity of µ0Hc = 2.05 T above 100 ◦C was
approximately 5% at each temperature. The precipitous increase in the demagnetizing ratio was not
FIG. 7. Processed image of domains indicating the area of thermal demagnetization of the magnet with a coercivity of
µ0Hc= 2.05 T.
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FIG. 8. The dependence of the demagnetizing ratio on temperature.
FIG. 9. The demagnetizing ratio at each temperature in 5 ◦C increments.
observed in the case of the Dy-added high-coercivity magnet. We found that the addition of Dy
induced high thermal stability by eliminating simultaneous thermal demagnetization of a hundred
neighboring grains because of the magnetic interaction among the grains.
IV. CONCLUSION
In the present study, using a Kerr microscope, we clearly observed the thermal demagnetiza-
tion behavior of Nd–Fe–B sintered magnets when they were heated uniformly at elevated temper-
atures up to 150 ◦C. We found that simultaneous magnetization reversal in a hundred adjacent
grains occurred because of the magnetic interaction beyond grain boundaries among grains in the
Dy-free low-coercivity magnet at 90 ◦C. The simultaneous reversal in a hundred grains did not
occur in the Dy-added high-coercivity magnets, and the demagnetizing ratio steadily increased
with temperature. We found that the addition of Dy induced high thermal stability by eliminating
the simultaneous thermal demagnetization, which was caused by the magnetic interaction among
the grains. In our future research, it will be necessary to use domain observation to investigate
the relationship between the magnetic interaction among grains and the thermal demagnetization
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behavior of coercivity-enhanced magnets prepared using Dy or metal eutectic alloy diffusion tech-
niques.7,8 In addition, it will be necessary to investigate the relationship between the grain size and
demagnetization process.
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